Fossil evidence shows that red algae (Rhodophyta) are one of the most ancient multicellular lineages. Their ecological, evolutionary, and commercial importance notwithstanding, few red algal nuclear genomes have been sequenced. Our analysis of the Porphyra umbilicalis genome provides insight into how this macrophyte thrives in the stressful intertidal zone and to the basis for its nutritional value as human food. Many of the novel traits (e.g., cytoskeletal organization, calcium signaling pathways) we find encoded in the Porphyra genome are extended to other red algal genomes, and our unexpected findings offer a potential explanation for why the red algae are constrained to small stature and cell size relative to other multicellular lineages.
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Thriving in a tough environment: Insights into the red algae from the genome of Porphyra umbilicalis (Bangiophyceae, Rhodophyta). Introduction The red algae are one of the founding groups of photosynthetic eukaryotes (Archaeplastida) and among the few multicellular lineages within Eukarya. A red algal plastid, acquired through secondary endosymbiosis, supports carbon fixation, fatty acid synthesis and/or other metabolic needs in many other algal groups in ways that are consequential. For example, diatoms and haptophytes have strong biogeochemical effects; apicomplexans cause human disease (e.g., malaria); and dinoflagellates include both coral symbionts and toxin-producing "red tides" (1) . The evolutionary processes that produced the Archaeplastida and secondary algal lineages remain under investigation (2) (3) (4) (5) , but it is clear that both nuclear and plastid genes from the ancestral red algae have contributed dramatically to broader eukaryotic evolution and diversity. Consequently, the imprint of red algal metabolism on the Earth's climate system, aquatic foodwebs, and human health is significant. Moreover, the oldest taxonomically resolved multicellular eukaryote in the fossil record (1.2 Ga) is the bangiophyte red alga Bangiomorpha, which closely resembles the extant marine alga Bangia (6) . As is typical of bangiophytes, Porphyra grows in one of Earth's most physically stressful habitats, the intertidal zone, where organisms are exposed to daily and seasonally fluctuating temperatures, high levels of irradiance (including UV), and severe osmotic stress and desiccation. Porphyra and its ancestors have competed successfully in this dynamic and severe environment for over a billion years, through numerous changes in climate and mass extinctions.
Here we describe the genome of Porphyra umbilicalis. Examination of the Porphyra genome and complete genomes of other red algae (Chondrus crispus (7); Cyanidioschyzon merolae (8) ; Galdieria sulphuria (9) ; Porphyridium purpureum (10) ; Pyropia yezoensis (11)) revealed numerous additional differences between the red algae and other eukaryotic lineages, including a reduced complement of motor proteins, unique signaling molecules, and augmented stress tolerance mechanisms, especially in Porphyra.
Results and Discussion
Genomic Analysis An 87.7 Mbp assembly of the P. umbilicalis (hereafter, Porphyra) nuclear genome was generated from PacBio whole genome shotgun (WGS) sequencing, with insertions and deletions corrected using Illumina WGS reads (SI Appendix, Methods, Tables S1-S2). The
Porphyra genome has a substantial repeat component (43.9%) for a compact genome, with the 6 most common repeat classes being DNA (15.5 Mbp) and LTR (14.9Mbp) elements (SI Appendix, Table S5 ). Gene models were predicted at 13,125 loci using de novo gene prediction algorithms supported by evidence from protein homology and expression data (SI Appendix, Table S6 ). A typical gene has ~2 exons, implying abundant splicing for a red alga; however, only 235 alternative splice-forms were identified from expression data (SI Appendix, Table S6 ).
Overall, the genome is 65.8% G+C, but protein coding regions average 72.9 %, and reach up to 94 % G+C (SI Appendix, Figs. S7, S8). Nearly 98% of the sequenced transcripts (ESTs) can be mapped to the genome assembly and a complete complement of genes encoding RNA polymerase subunits and other conserved informational proteins involved in transcription, translation, and DNA synthesis were identified (SI Appendix, Table S10 ), suggesting that the genome is nearly complete.
Phylogenomic analysis (12) of the red algae (Rhodophyta) demonstrates a class (Cyanidiophyceae) of extremophilic unicellular species and two sister clades of mesophilic species that we refer to here as the SCRP (Stylonematophyceae, Compsopogonophyceae, Rhodellophyceae, Porphyridiophyceae) and the BF (Bangiophyceae, Florideophyceae) (Fig. 1 ).
The SCRP contains unicells, microscopic filaments, and microscopic blades; whereas, the BF clade holds macrophytes ("seaweeds") that comprise the majority of described species (13) .
Phylogenomic comparisons of Bangiophyceae (e.g., Porphyra umbilicalis, Pyropia yezoensis)
and Florideophyceae (e.g., Chondrus crispus) suggest that these two red algal classes are highly diverged (SI Appendix, Fig. S11 ). The absence of some pathways and genes from red algae is likely due to genomic reduction in the red algal ancestor (4), and we confirmed that Porphyra lacks genes described previously as lost in other red algae including those encoding the glycosylphosphatidylinositol (GPI) anchor biosynthesis pathway (KEGG map00563, 22 genes), autophagy proteins (KO pathway ko04140, 17 genes), and most flagellar proteins (4).
Cytoskeleton
The composition of the cytoskeleton must determine many of the capabilities and limitations of red algae, including Porphyra, because of the fundamental roles of the cytoskeleton in supporting intracellular movement of organelles and secretory vesicles, regulation of cell growth, size, and shape, and response to environmental signals including cell polarity (14) . Cargoes (e.g., organelles, secretory vesicles) are typically transported along microtubules (MTs) by plus-end directed kinesins and minus-end directed dyneins or along microfilaments (MFs) by myosins.
Actin-supported processes in red algae have been predicted from their inhibition by the actin inhibitor cytochalasin B (CB) and/or by correlated localizations of F-actin. The occurrence of cytoplasmic and mitotic spindle MTs are also reported (15, 16) . However, despite the longknown absence of flagella and typical centrosomes (15) , the red algal cytoskeleton remains poorly characterized (17) , and our examination of cytoskeletal genes in Porphyra leads to conclusions that are both intriguing and puzzling. Genes encoding actin and tubulin are present in Porphyra, but the suites of regulatory proteins associated with MFs and MTs are notably reduced (SI Appendix, Tables S14, S15). Moreover, kinesin is the only motor protein that we were able to identify: both myosin and cytoplasmic dynein are absent from Porphyra. We find that the single myosin annotated previously (9) in the extremophile Galdieria, but absent from
Cyanidioschyzon (8) , is also found in three classes of the SCRP clade, but not in Porphyridiophyceae (SI Appendix, Fig. S16 ). The dynein motor seems to be absent in red algae except for a dynein heavy chain (HC) reported from Chondrus crispus that might be from a contaminant or horizontal gene transfer (SI Appendix Table S15 ). Kinesin is the only known motor protein that is found throughout the red algae (Fig. 2 ).
We identified four closely related actin genes in Porphyra, as well as the chromatin remodeling, actin-related protein Arp 4, but no other Arp proteins (SI Appendix, Table S14 ). The lack of the dynactin complex Arp 1 is consistent with loss of a dynein motor, but the general absence of Arp2/Arp3 from red algae is particularly surprising. In eukaryotes, Arp2/3 nucleates the formation of branched MFs that mediate amoeboid motion (14) , which is observed in many types of red algal spores (18) including P. umbilicalis neutral spores (19) and Pyropia pulchella archeospores (20) . How these spores move without Arp2/3 is an intriguing question; perhaps they rapidly polymerize MFs with the aid of other nucleating machinery to generate movement (14) . Consistent with this idea, Porphyra and other red algae contain (SI Appendix, Tables S14-S15) members of the formin family, which nucleates MFs; profilin, which interacts with formins;
cofilin, a key depolymerizing factor; and severin, which cuts MFs to promote remodeling.
However, we did not find other well-conserved, widely distributed actin-modifying proteins 8 (e.g., WASP/WAVE, CapZ, fimbrin) in Porphyra, and few if any convincing homologs in other red algae (SI Appendix, Table S15 ).
The well-characterized, myosin-dependent cell streaming observed in some green algae (e.g., Nitella) is absent in red algae (17) ; however, myosin and MFs have roles in many eukaryotic organisms in slower movements of organelles and secretory vesicles and in cytokinesis (14) . Microtubules are found in the cytoplasm and particularly in the mitotic spindle of red algal nuclei (15, 16) . We found that the Porphyra genome encodes the expected alpha and beta tubulin proteins, and some proteins related to tubulin folding (e.g., Porphyra contains cofactors B and D, but not A or E) and nucleation (e.g., gamma tubulin, gamma complex proteins; SI Appendix, Tables S14-15). However, many of the expected tubulin regulatory proteins widely distributed across eukaryotes, and even in other red algae, are missing. For example, Porphyra contains EB1 and Mor1/XMAP215, two highly conserved proteins of the MT plus-end tracking (+TIP) complex, but the +TIP CLASP and the cross-linker MAP65 appear absent, even though these highly-conserved genes are found in other red algae (SI Appendix, S15). Unknown as yet 9 is whether Porphyra simply lacks these activities, or has recruited other proteins to fill their roles.
Like other red algae, Porphyra has lost dynein motors (HC) and intermediate chains (IC) but retains a particular light chain (LC) that is also conserved in plants, which independently lost flagellar motility (SI Appendix, Table S15 ). This dynein LC is expressed under abiotic stress and phytohormone treatments in plants (25) ; thus, it may have a role in the stress tolerance of Porphyra. In contrast to the loss of the dynein motor, Porphyra has representatives of kinesin subfamilies 5, 7, and 14, which are expected to be involved in spindle assembly, kinetochore function, and regulation of MT dynamics, respectively (Fig. 2 , SI Appendix Tables S14-S15, Thus, kinesins 4 and 14 may provide a pair of motor proteins for moving vesicles and organelles along MTs in a few red algae, namely one of the extremophilic Cyanidiophyceae, Galdieria, and in the unicellular/microscopic SCRP clade (Fig. 2) . However, unless kinesin 5 or kinesin 7 has unexpected functionality, Porphyra and the majority of other red algal species that are Bangiophyceae and Florideophyceae would also apparently lack a kinesin-MT motor system.
Based on our analysis of Porphyra and other red algae with sequenced nuclear genomes (Chondrus (7), Cyanidioschyzon (8), Galdieria (29), Porphyridium (10), Pyropia (11)), the red algal cytoskeleton appears to lack the complexity and diversity of cytoskeletal elements present in other multicellular lineages ( Figure 2 ). While it is possible that regulatory proteins are simply too divergent to recognize, the paucity of motors is especially apparent. We suggest that this observation could help to explain long-standing questions about morphological evolution in the 
Stress
The ecological success of Porphyra and closely related bangiophyceans (30) in the intertidal zone suggests that these 150+ species (40) have developed cellular mechanisms to cope with this harsh environment. In particular, Porphyra grows from the mid-high intertidal zone where it is routinely and repetitively exposed during daily low tides to high light, desiccation, and extreme fluctuations in temperature and salinity. Blades can lose up to 95% of their water on some days, but are metabolically active as soon as they are rehydrated by the rising tide (19).
Here we infer novel adaptations to cope with these stresses.
Photoprotection Light is required for photosynthesis, but severe cellular damage can result from exposure of photosynthetic organisms to the high levels of light (visible and UV) that are present in the mid to high intertidal zone where most bangiacean algae including Porphyra grow.
Porphyra has the same complement of genes (SI Appendix, Table S18 ) to carry out photosynthesis as other red algae, but exhibits a notable set of photoprotection strategies.
Among the 13 genes encoding chlorophyll a-binding light harvesting complex (LHC) proteins are two "RedCap" genes (41) , which may be involved in reorganization of the photosynthetic antenna during the shift from darkness to light (42) . Porphyra also has 11 genes encoding "high light induced" or "one-helix" proteins (here OHPs) that have essential roles for photoacclimation and cell viability (43, 44) . Mechanistically, OHPs may regulate chlorophyll and tetrapyrrole biosynthesis, stabilize PSI, bind free free chlorophyll or chlorophyll breakdown products from damaged PSII complexes during the damage/repair cycle, and/or bind carotenoids that dissipate excess absorbed light energy. In contrast to the 10 Porphyra OHP genes, red algae from lower intertidal/subtidal positions and the plankton that have only 3-6 OHP genes (SI Appendix Table   S18 ). The incomplete nature of some of these genomes means more analysis is needed, but the putative gene family expansion in Porphyra suggests positive selection for increased gene dosage. Although Porphyra was one of the first organisms in which quenching of excess excitation energy in response to desiccation stress was observed (45) , the molecular mechanisms involved in quenching of excitation energy in red algae remain unclear.
Porphyra encodes genes for catalases and peroxidases, as well as the biosynthesis of numerous antioxidants such as ascorbic acid (vitamin C) and tocopherol (vitamin E) (SI Appendix, Tables S19-S21). When over-excitation of photosynthetic electron transport occurs and reactive oxygen is generated, catalase detoxifies hydrogen peroxide in red algae, and the expansion of the catalase gene family in Porphyra and Pyropia (5 genes, SI Appendix Table   S20 ) compared to other red algae (1-2 genes) could reflect the demand for detoxification of reactive oxygen species (ROS) that cannot diffuse away from blades exposed by the falling tide to high light and air while they are still hydrated and photosynthetically active. Tocopherols prevent photooxidative damage of polyunsaturated fatty acids (46) , and the γ-tocopherol methyl transferase (SI Appendix, Table S21 ) found encoded on the Porphyra genome catalyzes synthesis of α and β-tocopherol. The isomer composition is unknown, but α-tocopherol has been identified in Porphyra blades and is considered the more potent antioxidant (47, 48) . The 32 heat shock proteins (HSP) in Porphyra indicate a possible expansion of the HSP40 family (SI Appendix, Table S19 ), which are co-chaperones of Hsp70 and play an important role in protein maturation and repair under normal and stressed conditions (49, 50) .
zone and shows remarkable tolerance to both UV-A and UV-B (51, 52) . Porphyra has at least two strategies to protect photosynthesis and other key cellular processes from UV damage: novel mycosporine-like amino acids (MAA) and circadian control over the timing of sensitive processes in cells.
MAAs act as 'sunscreens' and comprise up to 1% of the dry weight of Porphyra, with the compound porphyra-334 being the major MAA (52) . Four proteins, MysA, MysB, MysC, and
MysD, support the biosynthesis of the MAA shinorine in cyanobacteria such as Nostoc (53, 54), whereas MysD is replaced by a non-ribosomal peptide synthase (NRPS) in Anabaena (Fig. 3) .
The enzyme catalyzing methylation of shinorine to produce porphyra-334 is still unknown. The
Porphyra genome contains a gene encoding a MysA and MysB protein fusion that is also found in several other red algae that synthesize MAA, as well as in dinoflagellates, which were proposed to have acquired the still separate but neighboring genes from a cyanobacterium ( Signaling and Homeostasis Porphyra must cope with significant osmotic and ionic stress in the intertidal zone. Several low molecular weight carbohydrates act as compatible solutes in red algae including Porphyra (63-65). We found enzymes encoded on the Porphyra genome that support floridoside and isofloridoside synthesis, but no evidence for digeneaside synthesis (SI Appendix, Table S30 ). Taurine is a likely osmolyte in Porphyra (66), and we found homologs of enzymes such as cysteine dioxygenase implicated in metazoan taurine biosynthesis, which suggests an ancient origin for eukaryotic biosynthesis of this non-protein amino acid (SI Appendix, Table S30 ). Porphyra also has a wide range of ion transporters, including an unusual class of Na + /H + exchangers that are most similar to the NhaP class of transporters from α- (70) . Surprisingly, we found that genes encoding CIPKs and CBLs are absent from the Porphyra genome and from all other available red algal genomes and transcriptomes. The CDPKs are also absent from Porphyra and notably from other bangiophytes and florideophytes, but they are present in red algae in the SCRP clade (Fig. 4 , SI Appendix Table S31 ). Another class of Ca 2+ sensor kinases, the Ca 2+ /calmodulin-dependent protein kinases (CAMKs), which are important in both plants and animals, are also missing in Porphyra. This suggests that much of the extensive network of Ca 2+ sensor kinases found in other eukaryotes is absent in the red algae (Fig. 4) . Whereas the Porphyra genome encodes several proteins with domains similar to the kinase domains of CAMKs, CDPKs and CIPKs, there is no indication that these proteins are regulated by Ca 2+ or Ca 2+ -binding proteins. Instead, we found that Porphyra possesses a novel class of Ca 2+ sensor kinases with 2-3 Ca 2+ -binding EF-hand domains at the Nterminus and a kinase domain at the C-terminus (Fig 4; SI Appendix, Table S32 ). The kinase domain from all known Ca 2+ sensor kinases belongs to the CAMK group of kinases, whereas this uncharacterized protein belongs to the tyrosine kinase like (TKL) class of kinases (71, 72) . The genes encoding homologous proteins are present on many other red algal genomes, including eukaryotic genomes. Hence, the Ca 2+ -dependent TKLs (CDTKLs) represent a newly recognized class of Ca 2+ -regulated kinases that appear to be unique to red algae (Fig. 4) .
The sucrose non-fermenting-1 (SNF1)-related kinase (SnRK) family of serine/threonine kinases plays important roles at the interface between metabolic and stress signaling from fungi (yeast) to land plants (73) . There are 38 SnRKs divided into three sub-classes (SnRK1, 2, 3) in Arabidopsis, and the Porphyra genome encodes 31 proteins with homology to the kinase domains of Arabidopsis SnRK proteins (SI Appendix, Figure S33 ). Phylogenetic analysis places that Porphyra SnRK group in two clades that include Arabidopsis SnRK1 and SnRK3/CIPK, and a third expanded clade containing 19 unique members (SI Appendix, Fig S33) . While no Porphyra SnRKs are most similar to the SnRK2 subfamily of Arabidopsis, several members of the SnRK3/CIPK clade contain motifs similar to the C-terminal domain II of SnRK2 (Fig S33B) , which mediates interaction with PP2C in the abscisic acid (ABA) signaling pathway (74, 75) . fold domains were found in the multicellular red algal genomes (SI Appendix Fig. S36 ). We also found a bangiophyte-specific family of at least five proteins harboring vWFA and C-type lectin domains (SI Appendix, Table S37 ); C-type lectin domains are involved in pathogen detection in some animals (82, 83) . Table S38 ) in Porphyra that are closely related to plant cellulose synthaselike CSLAs (mannan synthases) and CSLCs (xyloglucan synthases) and the green algal CSLs proposed to be implicated in mannan synthesis (88, 89) . These Porphyra GT2 enzymes represent excellent candidates for mannan synthases, and their discovery in Porphyra suggests that both CSLA and mannan biosynthesis originated in the last common ancestor of green and red algae, rather than in the Viridiplantae as previously proposed (88) . These findings suggest that mannans had an ancestral function in red algae, although it appears the Florideophyceae abandoned mannans for cellulose while the Bangiophyceae alternate between a mannan/xylan based cell wall in the gametophytes and a cellulose-based cell wall in the filamentous sporophytes. The which are predicted to be beta-mannanases, indicating that Porphyra has the enzymes required for both the biosynthesis and degradation of mannans present in the cell walls of the blade.
Cell walls
The extracellular matrix (ECM) component of the cell wall in Porphyra is a highly hydrated agar called porphyran that limits desiccation and contributes to the flexibility of the cell wall during osmotic stress (90) (SI Appendix, Table S38 , Figs. S39, S43 ). Porphyran is mainly composed of porphyranobiose but also contains varying percentages of agarobiose (91) . The
Porphyra genome encodes a family 2 carbohydrate sulfotransferase (ST2) that may act as a Lgalactose-6-O-sulfotransferase in the biosynthesis of porphyran (SI Appendix S38). After C.
crispus, the closest related homologs to this red algal sulfotransferase are found in metazoans (Nematostella vectensis, sea anemones) and the closest characterized enzymes are dermatan and chondroitin 4-O-sulfotransferases; likewise, the Porphyra GT7, after the C. crispus GT7, is most similar to metazoan GT7s (Acropora digitifera, staghorn corals) and the closest characterized enzyme is chondroitin sulfate N-acetylgalactosaminyltransferase 2 (H. sapiens). These findings lend support to the ancestral nature of the biosynthesis of sulfated polysaccharides in the eukaryotes. Homologous carbohydrate sulfotransferases are indeed conserved at least in metazoans, brown algae, and red algae, so were most likely present in the last common eukaryotic ancestor (LECA) (90, 92) . Genes encoding carbohydrate sulfotransferases are not found in sequenced genomes of terrestrial plants and freshwater algae, but marine angiosperms have, relatively recently, readapted to the marine environment by developing an ECM containing sulfated polysaccharides through an unknown mechanism of convergent evolution (93) . This speaks to the critical role of sulfated ECMs in high salinity environments (physiological saline and seawater). The Porphyra genome encodes three GH16 enzymes that form a clade with other red algae and with the agarases and porphyranases from marine bacteria (SI Appendix, Figure   S39 ). These enzymes likely function in cell wall remodeling and are unknown in unicellular red algae, which supports the possible involvement of bacteria in the evolution of multicellular algae (94) .
Obtaining nutrients at high tide. We found that Porphyra has genes for Fe-uptake mechanisms that likely lend specificity and enable high-affinity assimilation during the narrow tidal window when blades are underwater ( Fig. 6 ; SI Appendix, Table S44 ). The identified proteins encoded on the Porphyra genome include a high-affinity iron transport complex containing a permease (FTR1) and multicopper oxidase (FET3 in yeast/FOX1 in green algae) and members of the FEA and ISIP2a families. The later are related algal protein families containing secreted soluble proteins involved in iron assimilation and membrane-bound iron uptake facilitators (95, 96) .
Given the presence of FTR1 in the three main Archaeplastida lineages (Viridiplantae, Glaucophyta and Rhodophyta), we hypothesize that this permease was encoded in the last common Archaeplastida ancestor but was lost after the transition to land when plants evolved true roots (Fig. 6) . We also found that the presence of the FEA/ISIP2a-like proteins correlated with the presence of cytochrome c 6 (CYC6), an iron-dependent electron transfer protein in the chloroplast, which like FTR1 was also lost after the transition to land (Fig. 6 ). Other inorganic and organic nutrient uptake and conversion capabilities appear similar to those described for other red algae (e.g., Fig. 6 ; SI Appendix, Tables S48, S50 , S51, S49) except that the number of ammonium transporters (AMT; 7 genes, SI Appendix Table S47 ) and intracellular copper transporters (P 1B -type ATPases; 6 genes (MTA1-6), SI Appendix Table S44 and Figure S45 ) is greater in Porphyra, perhaps reflecting the metabolic demands of life in the upper intertidal zone.
Porphyra ("laver") and related genera (i.e., Pyropia, "nori") are commercially important human foods based upon their high mineral, protein, and vitamin content ( (94), and we find here that Porphyra, unlike other sequenced red algae, encodes the full pathway required to remodel pseudocobalamin, produced by cyanobacteria (99) , to cobalamin, the particular chemical variant of B 12 that is bioactive for eukaryotic algae, and indeed humans (SI Appendix, Table S58 ). In Chlamydomonas, METE expression was found to be suppressed under environmentally relevant levels of heat stress, and survival was dependent upon thermally stable METH (100); the fact that Porphyra is frequently heat-stressed in its upper intertidal habitat might similarly explain why it retains both isoforms of this enzyme.
Interestingly, the nutritional value of Porphyra appears to be directly related to the nutrient requirements for survival in a harsh habitat.
Summary
The red algae have long commanded attention because of the 1. 
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